Introduction
Hydrogen production by articial photosynthesis is one of the most promising technologies to provide a clean and sustainable carbon-free fuel and feedstock for innumerable chemical processes.
1 Better understanding of the mechanisms for H 2 evolution is needed to develop more efficient catalysts. In this regard, a plethora of molecular catalysts based on Mo, Fe, Co and Ni have been studied as model systems.
2 However, the challenging characterization of the key intermediates and the intrinsic complexity of the catalytic mechanisms enormously hinders their elucidation.
3 In this regard, aminopyridine cobalt complexes are promising platforms to get insights into the elemental steps of the H 2 evolution mechanism.
The commonly proposed mechanism for water reduction catalysed by aminopyridine cobalt complexes involves the formation of a low oxidation state (presumably Co I ), followed by protonation. Further reduction and protonation steps are invoked to induce the H-H bond formation (Scheme 1).
4
However, it is not well understood how Co II/I reduction potential and cobalt hydride pK a values actually affect the overall reaction rate. 5 On the other hand, although many studies have been focused on the detection of the short-lived Co I species, 4b,d,6 to the best of our knowledge the direct reaction of Co II complexes with a reduced state of the photosensitizer still remains undened. 7 Likewise, the inuence of the electronic effects of the ligand on the overall catalytic rate of the process is not fully understood.
4b,c
Scheme 1 Commonly proposed mechanism for light-driven water reduction by aminopyridine cobalt complexes.
Electronic effects have oen been explored to gain insight into the hydrogen evolution catalytic mechanisms (Fig. 1) . 5, 8 However, the studies are limited by the capacity of ligand modication, and the stability or activity of the water reduction catalysts under study. In many cases, this restricts or even leads to contradictory conclusions. For instance, for the [Co(RPY5Me 2 )(H 2 O)](OTf) 2 series (R ¼ p-CF 3 (2), p-H (3), p-NMe 2 (4)), the photo-and electrocatalytic activity for H 2 evolution was enhanced by introducing the electron withdrawing CF 3 group.
9
In contrast, for complexes [Co(bpy(Py-R) 2 Me)(X)(Y)](OTf) (R ¼ p-CF 3 (5) , p-H (6), X, Y ¼ CH 3 CN or OTf) and [Co((bpy) 2 PyMe-R(OTf))](OTf) (R ¼ p-CF 3 (7), p-H (8)), the introduction of a CF 3 group led to a lower catalytic activity.
10 In the case of cobalt corroles (H, F, Cl and Br, (9) (10) (11) (12) ) the decrease of the electron density over the metal centre induces an increase of the electrocatalytic activity.
11
With the aim to shed light on the key factors controlling the photocatalytic water reduction activity, we have developed a new family of well-dened cobalt complexes that are highly active in light-driven water reduction and whose electronic features can be tuned. To this end, we explored the cobalt complexes obtained from the readily available 1-[(4-X-3,5-Y-2-pyridyl)methyl]-4, 7-dimethyl-1,4,7- , 1 DMM (50% probability). Triflate ions and acetonitrile molecules bonded to the cobalt centre, as well as solvent molecules and hydrogen atoms are omitted for clarity. The Co-N py bond lengths are given inÅ. All 1 R catalysts were active for the photo-induced hydrogen evolution but highly dependent on the substituent at the pyridine, following the order
Results and discussion

Synthesis and characterization
Indeed, the catalytic rate increases with the electronwithdrawing character of the ligand, in agreement with the E 1/2 (Co II/I ) value ( . We have also calculated quantum yields for the photocatalytic water reduction, (F, based on two photons absorbed per produced H 2 molecule), improving from 0.7% to 9.7% in the series from 1 NMe2 to 1 CO2Et (see Table 1 ).
Since the 1 CO2Et is the most active complex of the series, next we optimised its catalytic activity versus catalyst concentration. A non-linear increase of the total amount of H 2 produced was observed upon increasing the amount of catalyst from 0.25 to 100 mM (Fig. S22 †) . This is in agreement with previous studies on aminopyridine cobalt complexes. 16 Under optimised conditions, we obtained a TON value of about 9000 and TOF max > 52 000 h À1 at 0.25 mM catalyst (Fig. 5 ). To the best of our knowledge, the TOF max value for 1 CO2Et is higher than the highest reported to date for light-driven H 2 evolution catalysts based on polypyridyl ligands. 17 Among the latter, a TOF max of 5880 h À1 and TON of ca. 33 300 were reported by Alberto et al.
18 Nevertheless, we favour a TOF analysis rather that total TON measured on the plateau, since the TOF better represent electronic effects in the mechanism and the TON combines rate and stability. On the other hand, the water reduction quantum yield (F) for 1 CO2Et (9.7% AE 1.0) is comparable to the highest reported value (7.5% AE 0.8) 19 for similar Co complexes.
19,20
Mechanistic investigations
The intriguing electronic effects observed and the high catalytic activity of 1 CO2Et and 1 CN aimed us to study the mechanism in detail. Analysis of the catalytic experiments shows that the hydrogen evolution (at 10% of H 2 formed) has a rst-order dependence on 1 CO2Et at concentrations below 2.5 mM (Fig. 5, right). Therefore, we propose that the catalytic mechanism is single site and follows a heterolytic H-H bond formation. At higher cobalt concentrations (in the range 2.5-100 mM) a saturation of the initial rate is observed. This might suggest that the catalytic cycle is controlled by the photon-ux or/and by the regeneration of the active Co I species, via
) pre-equilibrium. The latter possibility is further supported by the direct reaction of in situ its high reactivity, and to our knowledge has not previously been reported. 22 Therefore, we studied the in situ formation of PS Ir monitored by UV-Vis spectroscopy and its reaction with the different 1 R catalysts in both pure CH 3 CN and under photocatalytic H 2 evolution conditions. Study of the PS Ir formation and their reactivity with 1 R in pure CH 3 CN. The study in pure acetonitrile allows for a model study of the reactivity between 1 R and the reduced form of the photoredox catalyst. This is the rst step of the catalytic cycle, which is difficult to study otherwise. Optimum conditions to study the formation of PS Ir consist in the irradiation (l ¼ 447 nm) of a solution containing PS Ir + (0.1 mM) and Et 3 N (1000 eq.) in anhydrous degassed CH 3 CN under N 2 atmosphere at À20 C, which produced the appearance of three new UV-Vis bands at 385, 495 and 523 nm and a broad band centred at 850 nm consistent with an electron delocalized over the bpy ligand (Fig. 6, iia) . These new bands are ascribed to the formation of PS Ir . 7 The UV-Vis spectra recorded during irradiation (ESI Section 3 † for the Experimental setup) showed a fast formation of PS Ir up to a plateau (ca. 30 s), followed by a slow decay (Fig. S31 †) . 22 Interestingly, the addition of 1 CN (0.2 eq., 20 mM) at the maximized PS Ir absorbance (527 nm), led to an instantaneous disappearance (mixing time) of the PS Ir spectral features. This is in agreement with a fast electron transfer from the PS Ir to 1 CN that leads to the formation of a new reduced cobalt species (presumably Co I ), regenerating PS Ir + (Fig. 6 (i and iib) and S28 †). Further irradiation partially recovered the UV-Vis bands belonging to PS Ir (Fig. 6 (iic) ). Analogous studies with different 1 R complexes showed that the extension of the PS Ir decay depends on the reduction potential of 1 R , following the same trend observed for the photocatalytic H 2 evolution 1 CN - Fig. S29 and S30 †).
23
In addition, changes in absorbance of PS Ir at 527 nm and the difference between E 1/2 (Co II/I ) and E 1/2 (Ir +/0 ) (À1.76 V vs. Fc +/0 ) reduction potential follows the Nernst equation (eqn (S3) and (S4), see ESI † for details), reproducing well the sigmoidal theoretical curve (Fig. 7) . It is important to notice that a similar dependence is observed with H 2 evolution initial rates measured under the catalytic conditions. These data suggest that the H 2 evolution rate, catalysed by the 1 R complexes, is mainly controlled by the redox potential of the Co II/I event. decayed upon the addition of 1 R under continuous light irradiation (l ¼ 447 nm). 24 The extent and rate of such decay depends on the Co II/I redox potential of the added 1 R catalyst, being faster for the more electron-poor 1 R complexes (Fig. 7) .
Study of the formation of PS
The resulting order,
tively reproduces well the rate for H 2 formation and is fully consistent with the results in anhydrous CH 3 CN (Fig. 8) . It is worth noting that no H 2 was detected neither under irradiation of PS Ir + in absence of catalyst nor under dark conditions.
Study of the PS Ir reactivity with 1 CO2Et by transient absorption spectroscopy (TAS). Nanosecond transient absorption spectroscopy was used in order to achieve further mechanistic understanding on the PS Ir formation and subsequent generation of Co I in neat acetonitrile.
First, the PS Ir + (50 mM) excitation (l ex ¼ 355 nm laser pulse) (see ESI † Experimental section) led to a strong characteristic emission centred at 600 nm and a positive band below 490 nm due to the formation of MLCT and LC PS Ir + triplet bands, both l max (600, 470 nm) having a lifetime of ca. 350 ns (Fig. S32 †) . The differential absorption spectra and lifetime are in agreement with the reported excited triplet state ( 3 PS Ir + ). 25 The Et 3 N titration was followed at 600 nm and afforded a bimolecular quenching rate constant (k q ) of 2.5 Â 10 8 M À1 s À1 (Fig. S33 , (Fig. 9) , presumably Co I , 26 which has two absorption bands centred at 390 and 510 nm. The kinetic prole at 500 nm shows an estimate rise-time of ca. 1 ms for the generation of Co I species (Fig. S34 †) . Since the rate constant of the electron transfer from PS Ir to Co II is in the order of few ms, we can rule out the latter as the rate-determining step of the catalytic cycle (a TOF ¼ 14.4 s À1 , corresponding to 70 ms per cycle, was obtained for 1 CO2Et ). 27 On-line MS studies provided further insights into the identication of the specic products generated during the light-driven catalysed processes (Fig. 10) .
Kinetic Isotope Effect (KIE
Irradiation of 1 H in D 2 O resulted in a constant isotopic distribution of 0.5% H 2 , 9.1% HD and 90.4% D 2 throughout all the experiment (Fig. S32 †) , which is an indication that the mechanism does not change over the reaction time. (HD/D 2 ) ) ratios, respectively, are in agreement with two consecutive protonation events. Presumably, the two consecutive events that control the isotopic distribution are the cobalt hydride bond formation and the hydrogen-hydrogen bond formation (see Fig. 10 ), but only the rst affects the reaction rate. This is in agreement with the cobalt protonation as the rate-determining step of the hydrogen evolution.
Mechanistic discussion
To further evaluate the impact of the electronic effects on the Co II/I redox and the Co I protonation in the reaction rate we have computationally studied the thermodynamics of these elemental steps for all 1 R complexes. We performed computational studies at the B3LYP-D 3 /cc-pVTZ//B3LYP-D 3 /6-31+G* level of theory, which previously gave good agreement in similar catalytic systems (see ESI † for Computational details).
28 Theoretical E 1/2 (Co II/I ) and E 1/2 (Co III/II ) values correlate within the expected errors for all 1 R complexes (see Table 2 ). We also computed the Co III -H pK a values, which are in the range from 8.4 to 15.4. Our experimental studies discard that only the PS Ir to Co II electron transfer step determines the rate of the overall process since it is much faster than the TOF. Therefore should be inuence also by a second step. Indeed, the calculated difference of Co II/I reduction potential between 1 NMe2 and 1 CN is 330 mV, corresponding to À7.5 kcal mol À1 (expt. 380 mV, Therefore, the energy barrier of the reaction either involves a stepwise Co II reduction followed by protonation (ratedetermining step suggested by KIE), or a proton coupled electron transfer (CPET). However, based on thermodynamic data, BEP and eqn (1)- (3) ). Finally, we have considered the sum of the Co II/I reduction potential thermodynamics and the energy barrier for the Co I protonation. This is indeed the value of the total energy barrier if the production of Co I is an endergonic step (see Fig. 11 ). Fig. S10c †) . At this point it is interesting to discuss this result within the context of the theoretical model developed by M. Koper and co., 30 which takes into account the role of the pH in the selectivity between the concerted proton-electron transfer (CPET) and sequential proton-electron (or electron-proton) transfer (SPET) pathways. The proposed theoretical model assumes an outer-sphere charge transfer mechanism and provides the following Marcus-type analytical expressions for the activation energies of the electron-transfer (ET), proton transfer (PT) and CPET steps.
where l x and DG x are the reorganization and reaction free energies, respectively. Eqn (1)-(3) illustrate that in this model: (i) the thermodynamics proportionally affects kinetics (via the DG term); (ii) the thermodynamics and kinetics for ET, PT and CPET scale differently with pH. As described by the M. Koper's model, considering l _ ¼ 0 (estimated by Hammes-Schiffer et al.), 31 and equivalent pre-exponential factors (k ), when l CPET z l ET the transition between CPET and SPET is around pH z pK a (pK a correspond to the protonation step). The transition spans approximately a pH range of AE2 in which both CPET and SPET mechanisms are competitive. When the pH > (pK a + 2) purely SPET is proposed. In our case, the pH of the reaction media it is xed at around 11.4, due to the reaction conditions (Et 3 N 2% v/v) and it does not substantially modify during the reaction. Interestingly, our catalytic system has a pK a span from 8.4 to 15.4 (Table 2) , crossing the pH value of the solution. However, there are clear evidences that reaction mechanism does not change with the ligand substituents as judged by the Hammett plot (Fig. 4) . For the presented catalysts we propose a scenario where l CPET > l ET , as expected by eqn (4), and the position of the transition region is shied to lower pH, in agreement with our observations. Altogether, our results are in agreement with a sequential reduction-protonation mechanism (SEP), in which the Co I protonation, to give Co III -H, determines the TOF-dependent transition state (TDTS). 32 Furthermore, in the proposed catalytic cycle the TOF-determining intermediate (TDI) is dependent on the redox potentials of either the photosensitizer (E 1/ 2 (PS Ir +/0 )) and the starting Co II complex (E 1/2 (Co II/I )). In our case, from combined UV-Vis spectroscopic/H 2 evolution monitoring studies, we have observed that the concentration of photosensitizer in the reduced form is very low. Therefore, the E 1/2 redox potential of the photosensitizer should be used only as an estimation. Considering the Nernst equation and the concentration of the photosensitizer species in solution, we can roughly estimate that the redox potential of the PS Ir +/ 0 couple is about 100-200 mV less reducing that the E 1/2 . Accordingly, the redox potential for Co II/I should be more reducing than the photosensitizer. The difference in redox potential between the Co II/I and photosensitize is directly translate in the hydrogen evolution reaction rate becoming faster with a more electron-withdrawing ligand. In other words, Co II is the TOF-determining intermediate and its
reduction is an endergonic step that contributes to increase the total energy barrier (see Fig. 11 ). On the other hand, if the redox potential of the photosensitizer is more reducing (lower E(Co II/I ) reduction potential) 33 that redox potential of the Co II/I process, the rate could be only dependent on the Co I protonation, which is expected to be thermodynamically less feasible for more electron-withdrawing ligands (see Table 2 ). This simplied scenario may help to rationalize some of the different results in the eld of light-driven water reduction (Fig. 12) . 
